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 ABSTRACT

This report covers the reaulta of an optical

: i"*‘_zd‘align etudy for the development of a diffraction
'v:‘,“‘flimlted enlarginglreduction lens with a 16 inch
-ﬂ.”’?equivclent foca.l length F/2.0 effective relative aper-
ture ;nd a mtgniﬂeation ratio of 2 to 1 (object to

"”.""f-Afimgge} anpect)

’fhis denlgn development program was conducted

- u‘jnc!,e‘.,r», &.he au;picea of GOVernment Contract Number
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. PREFACE Mf

| 'I’he relatively rapid advancea in the state oi the art of in-

fformation gathering devtcel such as fﬂms. c sy-teme. telemetry

' f‘znﬁ photoelectric detectors requires the development of practical

| :’?‘*’yf"op'lical syuems deeigns capable of transfer . E;.object inlom tion con-

.,‘

ui[;f‘-tent to an hnage with a ve!‘y miﬂim“m of W°m“°“ det“ i°"'“°n oF

’lons, irrespective of the perticular syatem‘: A

A most amﬁitioua endeavor would be. _the devempment of optical o

ﬂyﬂerm whoae performancea ere not the c,v_,‘tical or limiting fa.ctor in
: _.i'.information acquieition

"‘i”, A utigmatic optical syltem, the eaeence of geometrical per-.

“‘i*_f'f"'fe_;:tion, would be achieved ouly when a ray bundle origimting at an

*object point will convarge and render a point the image epace Ironic- "

ally the attainmem of geometric perfection ,“ "'not possible since the

% ‘ }:;;‘ .";‘imuge of an ideal object ‘point has a finite extent according to the le.ws
= of diﬂraction, perforcely setting a limit on the tramsterred mrormation
”’»eontem -
Therefore, the problem of ‘obtaining the me.ximum information
must be golved by aetting the most practical goel That goal is the
- design of a diffraction limited ayetem
STATINTL
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9

'It in ﬁtting at thu point to deﬁne _the term "diffraction-limited

symm . Such a system might well be de‘ 1ned as one in which the ima.ge. _

"vqnality ia subauntiany determined by the diffra.ction effects. the effecte

ﬁf} restdual geometrica.l aberrationl being s all by comparison.

It is signiﬂcant to note that shouldgthe residual geometrical

~ally zero, the stigmattcf'ca.se would not be fulfﬂled

':_erafore, it is pointleaa to attempt geometrical perfectlon when, from
’*"52:’; va.lue eng!neering aspect. finite aberrattons a.re tolerable but indistin-»
gsxill‘inble in terms of 1mage quality In fact‘_,the aubject of diffraction

! of 1mage farmation by a lystem of lense‘s 15 a most valuable

;,__:.:;;,;D,djunct to the method of geometrical ray tra.ciné in understanding the

"i'ﬁ.fundamentﬁl nature of defects FH optical systeme and finding methods
a{cf ameliora.ting them.

L 'rhe effecta of diffmction a.nd its resulta.nt e'ffects on image
ll'A‘?quanty were ftrst investigated by G. B. Airy about 1834 and led to
the result that an hnage of an ideal object takes the form of & strong,
canml condeneation of light. aurrounded by a ser!es of concentric
_rings of light of 1ncreasing diameter of low and rapidly diminishing

intenity,
\’ It waa‘shown cubseqﬁently that 85 percent of the transmitted

| energy appeared in the central conden sation, the remaininé 15 percent

STATINTL
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distributed' in the surrounding intensity maxima.

The linear extént of }the central maxima, or Airy disc, is
wholly ‘dependent upon the effective relative i__’a.perture of the optical
gsystem, The relative aperture reaches a physical limit vh en the rays
fﬂl at grazing incidence on the image plane, Inan F/2.0 system
operaﬁng at 2:1 coMukates with negligible aberrations, the Airy disc
or point spread function is approximately 2.2 mu,

If it can be shown that approximately 80 percent of the trans-
mitted energy is contained within the first dark ring of the Airy disc,
the diffracﬂon limited case has been fulfilled,

In this report, we present the results of three parallel design
approaches to achieve this condition, One design has proved to be
succelt;ful. Its development represents an important advance in enlarging/
reduction lenses suitable for the purposes of this study and some future

application,

o
‘

STATINTL
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SECTION 1

INTRODUCTION

The objective of this study is the_ﬂqevelopment of a feasible

 optical design which will meet the fouowiri’g"epeciﬁcetions:

1) The design target parameters shall be

A,

B.

C.

D.

H,

}

An eﬁective foca.l length of 16: inches or greater.
An effective relative aperture of ¥/2.0.

An object format size of 18 in, X 18 in,

An h’nege format size of Q_iu,‘ X 9 in.

A magnification ratio of 2to 1 {object to image).
An achrbmat_ic correction‘wm"dn the spectral range

of 486.1 mu through 656,3 mu.

- Distortibn not to exceed 0. 'Smm oirer the entire formmt.

An axial transmittance of 60% or greater,
A x'elative illumination at the forme.t corners of 60%

or greater.

- 2) Resolut{eh over the entire forma.t_ to be diffraction limited

wi.thin the apecified spectral range, under low contrast conditions,

3) The achievement of these apecmca.tions shall result in &

- paper design which is eapable “of manufacture .such that the prototype

STATINTL
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performance shall meet the specifications with‘in reasonable tolerance. |
Despite the fact that catadioptric systems have various desirable
features, it was our studied opinion that auéh an approach will not me et |
~ the apecifications.
If the catadioptric system is considered from the standpoint of
Physical Optica, it can be shown that a pupil functton can be conatructed
such thnt the image pattern iiradiance falls from s maximum at the
Center to zero in an arbitrary small radius remaining zero to an arbitrary
.hrge ‘i'adius. Hence, it would seem that the minimum resolvable angle
‘vould be reduced indeﬁnltt_ely..;
In practice, howgver, a practical limitation results from the
fact that as the central vspot or Airy disc maximum is made smaller, the
_ umoﬁn% of light falling in it also becomes smaller and ultimately zero.
As the diameter of the central obscuration approaches that of
~the lens, the diameter of the first dark ring of the diffraction pattern
approaches some six tenths of that eystem without obscuraﬁon. At the
same tlme, the maximum irradiance in the first bright ring around the
central spot, expressed as a function of the irradiance at the central spot,
increases eight-fold, making more difficult the problem of resolving a

faint source from a bright one. (Figure 1A)

STATINTL
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Light distribution in the focal plane of a
system with pupil shaped as an annulus,
K i8 a ratio = diameter of the obscuring
center disc divided by the diameter of the

full pupil.
(Ac.cording to Steel)

FIG. | A

STATINTL
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STATINTL

Therefore, the utﬂizatioxi of r catadioptric aystem,/ in view
of the specified low contrast object conditions, would be tantamount to
performence faflure, The all-refractive system, then, becomes the
ﬁbject of basic study.

Conventional enlarging/reduction printer lenses are generally

characterized by their quasi-Gaussian form of relatively short focal

lengths as compared to object height. The Gauss type optical designs
are esgentially symmefrical, each element becoming more meniscus in
shape towards a mid stop position. In such systems, the lateral aber-
rations can be easily made quite small. Once these residuals are
sma_.ll. the designer has considerable freedom to influence the transverse
aberrations, .
When the focal length becomes large with respect to object
size, the development of a well corrected printer lens becomes & problem
whose magnitude is several times more difficult. The Gauss type
design becomes unsuitable in such a situation, calling for a rather un-

conventional approach, STATINTL

Therefore, the initial design philosophy adopted by

|cons£sted of several parallel approaches specifically

oriented toward the development of a plausible front and rear conjugate

system, each separately designed and evaluated. They would ultimately

STATINTL

Approved For Release 2002/06/17 : CIA-RDP78B04747A000600020002-2 Page 7.




STATINTL

Approved“'For Release 2002/96/17 : CIA-RDP78B04747A000600020002-2

be combined to form the desired 2:1 reduction printer lens,
An mvestigation éf three distinct ¢onjugnte systems were con-
gidered which might approach the panmetérs.
'1) A flat field achromat conulning B 'rriplet on the long
conjugate and a Tessar <;n the -hoﬁ conjugate.
2y A wéll corrected compact telephoto and a ffont aperture
stop infinity objective resembling the Petaval form.
3) A fat field semi-apochromat composed of tﬁo‘ front aper-
ture stop infinity Petzval objectives. -
2The Triplet and Tessar, each having been originally designed as con-
ventional iriﬁnity' objectives of moderaiely high speed, were redesigned
) to. adapt to the obje:':"t: and image conjugates respectively, and modified
~ such that natural stop position would be in the neighborhood of the front
vvertéx ,}of each system, |
| wWhen combined, this form exhibited an objectionable amount
of oblidue spherical aberratioﬁ and sagittal curvature of field when an
axial apherical solution was achieved. |
| / The inveatigétton continued until it waé determined that several
additional elements, and perhaps an achromatic aspheric corrector plate

at the stop plane, would be required to correct the imagery to the extent

STATINTL

—————
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neceséary to meet the specifications, Hence, thiz form was abandoned
and did not reach the final design stage.

The compact telephoto and modified Petzval form inveatigation
appeared more fruitful from the onset, Since the stop position is near
the front convergent memﬁer and corrected for coma over the field,
each system was designed separately to an exceptionally fine correction,

When combined, however, a serious offense against the aine
condition resulted, which manifested‘ itself in positive sagittal cumgure
of tield‘ and a large amount of positive distortion, The higher order
‘yesiduals of this form could not be conveniently balanced, It became
apparent at this point that a near hemi-symmetrical approach was necessary.

It was decided to concentrate the design efforts on a Petzval form
objective on the front and rear conjugstes, The Petzval is a basic form
in which achromatism is easily achieved, Moreover, this form cm be
designed to render exceptionally fine off axis imagery and with a Smythe-
Pinzzi field flattener, a flat fisld diffraction 'limited gsystem can be
achieved,

Section 11 containe the complete technical discussion of this

development,

STATINTL
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SECTION i

Technical Discussion
Semi-Apochromatic Reduction Lens

The design development of this reductlon printer lens was
‘cbtalned by mitially deslgning a well corrected flat-field front aperturc
"'.:_.stop 1n£inity objective composed of common glasses. in whlch the elements
-are compounded and split several times,

This particular objective, whose conﬁguration resembles a
;derivative of the Petsval form. has all sphcrical surl’aces whiceh are
'extrcmely mild, These successive shallow’ curvatures contribute a min{-
mum of higher order aberration as well as c.ftord a discreet correction
dtstribution for the simultaneous correctlon of third and fifth order uber-}
:ratlona and balancing of the higher orders.

A field flattener lens near the focp.l, piane affords an anastigmatic -
'im.age'.at high aper’turés’.'
~ Since the Petzva.l lens is subatantlally corrected for secondary
:color. a particularly troubleSOme aberratlon. lt was a promising start-
ing point for this imrestlgation. |

In general, the Petzval form exhlbits considerable oblique zonal

spherical aberration when an axial spherical sohmon is achieved. 1t has

been found however, that successive shallow sur!aces. coupled with

STATINTL
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relatively long airpaths may be successfully utilized to control the
surface by surface oblique incidence angles; the principal offender
in introducing oblique spherical. |
Since the system was designed witﬁ a front aperture stop, the

entrance pupil is substantially at the ‘frcnt‘ v’éx“tex of the leading con-

vergent lens group. With the entrance pup‘i__l {n this location, the
| deaigner has considerable freedom to correAct' the chromatic aberrations
without altering the general characteristics of the monochromatic aber-
rationg, Pronounced changes in the front convergent group to influence
‘spherical aberration and coma do not affect its contribution to field

/
curvature and astigmatism,

The combination of high speed and diﬂra‘ctton limited perform-
ance is particularly difficult to achieve along with apochromatic color
correction, The utilization of a limited spectral window, however, re-
duces the color problem gignificantly. In fact, the system is to be
utilized with a virtually monochromatic light source, eliminating the
color problem completely.r

Despite this fact, it was decided to buréué the design to ultimately
obtain a top quality achromat or Bemi-apéchromt in order to extend the
system's capability as a printér lens. Whenever the resolution require-
ments demanded the utmost in performance it would be used as a mono*

chromat,

STATINTL
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The optimum spectral range of correction was extended to
‘_covar a thousand Angatfoma (452, 5 mu through 552.5 mu), in the region
of strong spectral response of the low voltage mercury source or germi-
cidal lamp. |

The front aperture stop infinity objective described above has a
32 inch effective focal length, a relative aperture of ¥/3.0 and covers a
format of 9 inches by 9 inches, |

This objectivé becomés the basic buflding block or short c‘on-
jugate module of the reduction printer lens.

Since a 2 X reduction is required in this application, a direct
scale-up of the short conjugate module to 84 inch effective focal length,
‘preserving the same effective aperture, ylelds an infinity objective having
& relative aperture of F/8,0 covering an 18 fnch by 18 fnch format. This
scale-up objective becomes the long éonjugnte module.

The entrance pupil diameter of eaéh con'julgate being identical,
allows fhe former and latter modules to be attached to each other about the
effective aperture stop position. The stop in this position is said to be
telecentric. (See Figure 1B)

when combined in this fashion, the principle of symmetry sub-
stantially reduces the residual lateral aberrations (Coma, Distortion, and

Lateral Color) to near zero,

STATINTL
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The resultant system becomes a 16 inch EFL ¥/2.0 2:1
reduction printer lens, The system is capablé of diffraction limited
imagery. The combination is anastigmatic and semi-apochromatic over
the limited specified spectral range of correotion,

The principal residual aberration is spherochromatism. It is
significant to note, howevér, .that the D-ligh't' and F-light are well with-
in the Rayleigh limit over the entire fleld, the C-light at the center of
the field, It is possitﬂe to correct this a.‘be‘rrl.tlon by ingtalling a thin
two-element gchromatic corrector plate at the }telecentric stop. However,
| in view of the monochromatic utility of the system, it was not considered
justifiable, although some future application may conceivably warrant it, - -
| There are, of course, other design alternatives avajlable for
~ color correction, From the paper design standpoint, there are rfmny
glasses available having unusual partial diapersions which will eliminate
the chromatic residuals. However, these glasses are generally character-
1zed by poor physical properties. Glass acquisition is further aggravated
by the limitations in melting quality glass in massive blanks sizes of the
order required for this application. Moreover, the economics of ob-

“ taining these glasses in :passive size becomes a major problem,
“ It is this latter problem which shaped the style of this design.

All the glass elements of this design are on the glass line or the near

STATINTL
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neighborhood of the glass line. They represent the lowest cost, highest
" quality glass a.va.ilable. The principal area of axial color correction
occura at elements #4 and #5, elements #10 and #11, all other elements
'being essentially non-dispersive. The principle of symmetry is utilized
to correct the htéral chromatic Qberrations.
Figure 1 ﬂlustrates the Maxwellian view of the system exit

-_’pupﬂ. in which 84 rays are distributed for spot diagram calculations,
| Figures 2 through 16 give the spot dtngrams for 4 field posi-

" tions and 3 colors, The ring represgnte the first dark band of the

: diﬁraciion pattern. In the mean wavelength, the percentage of rays
o traced falling within the first dark band at O° is 83%. The extreme
' .::'} long wavelengths. the C-light and greater, are in excess of the diffrac-
_.:_tion limited case due to spherochromatiem.'
.. 1t is significant to nofe that the trigoh’dmetric traced ray may
"  ; pé,ss through a circle whose radius is nearly twice as gréat as that of
the first minimum with no resultant loss in resolving power for strongly
marked detail,
| Therefore. by this criteria as well as the monochromatic appli-
eation for which the system is to be used, the target specifications have

been met in this study..

STATINTL
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The lens data formula for the 2:1 reduction printer is conteined
in Table 1. Table I1 gives the surface by surface third order contri-
butions and the chromatic variation of tl:lrd order. Slope intercept
curves for four field positions, the radial energy distribution in the
image and the longitudinal color curves are contained in Figures 17

through 20, respectively.
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~ TABLE 1
 SEMI - APOCHROMAT REDUCTION LENS

LENS FORMULA

T ———

" Radius  Element or ~ Clear S
urface (Inches) Airspace Thickness  Aperture Glass Type
1 Piamny . o ..973 20,994 511/636
2 27.317 36. 488 30. 230
3 196,188 , 4.282 20. 260 614/595
4 43,108 .264 20. 152
5 - 88,888 2.738 108,208 | 620/608
6 222.876 5.138 18. 842
7 87.249 . 5,083 16. 1862 720/293
8 118.814 "1.108 16.072
9 104,018 2. 141 14.708 . 511/635

10 80.487 12. 066 14. 464

11 Plano .973 10. 162 BaSF-6
12 61.754 3.114 10.174
18 288.281 1.782 10. 542 LaF 2
14 51.337 , 487% io.s7e ‘
15 28.868 .876 10. 876 LaF 2
18 144. 143 1.887 10. 602 -
17 © 80.877 . 487 10,336 BaSF-6
18 Plano 6.033 10, 818
19 - 40.343 1,070 10.134 511/635
20 52,009 . 899 10. 082
21 58. 407 2.541 9.9186 720/203
22 28. 624 2.568 9. 662
23 111,887 1.362 10. 018 630/603
24 27.942 .182 10.884
25 21.552 2. 141 10. 866 614/895
26 98, 003 18.344 10. 802 ‘
27 13.600 .486 10.276 511/635
28 Plano \ 5. 508 (BF) 10. 646

Wl

EFL = 16.000 inches
Front Conjugate Distance = 11.006

¢ Airspace #7 is flexible in dimension, to

accommodate an exposure control device. Page 17.
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TABLE 1
{cont'd)

Computations based on following indices.

GLASS TYPE D F C

511/635 1.81100 1.51665 .50880
814/895 1.681400 1.82128 . ‘61094
620/603 1. 62000 1.62734 .81608
720/293 1.72000 1.73768 . 71808
BaSF-6 1.66741 1.87878 . 66284
LaF 2 1,.74385 1.75561 . 73604

Page 18,
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FIGURE 3 - SPOT DIAGRAM-AXIAL BUNDLE- A+6563 (F-Li NE)
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FIGURE 4 - SPOT DIAGRAM-AXIAL BUNDLE-A=6563 (C-LINE)
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FIGURE 5 PUPIL, ©6° OFF AXIS
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FIGURE 6-SPOT DIAGRAM, €° OFF AXIS-A=S893(D-LINE)
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FIGURE & - SPOT DIAGRAM, €° OFF AXIS-A-6563(C-LINE)
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FIGURE 2 PUPIL, II"OFF AXIS
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FIGURE |0 — SPOT DIAGRAM, 11° OFF AXIS-NA=5823/D-LINE)
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FIGURE |1 = SPOT DIAGRAM, [1° OFF AXIS-N:=488 (F-LINE)
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FIGURE. 12 — SPOT DIAGRAM, |I°OFF AXI®=A=6563 (C-LINE)
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FIGURE IR~ PUPIL 21° OFF AX'S
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FIGURE 15— SPOT DIAGRANWZIPCFF AY iS—-A -4861 (F-LINE)
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FIGURE 16 — SPOT DIAGRAM2ITOFFAXIS-N=6563 (C-LINE )
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STATINTL

SECTION I1I

CONCLUSION

This report covers the development of a 2:1 Reduction Printer
Lens in which three distinct all-refractive lens configurations were con-
sidered. One of these, the Petzval form, proved to be successful.

The resolution specification of this contract requires that the
optical design, when fabricated, be capable of resolving 200 lines per
millimeter under low contrast monochromatic object conditions.

The assessment of the efficiency of such an optical instrument
when the reciprocal functions of resolution and contrast are so stated must
be determined relative to the diffraction pattern. The lens design, therefore,
must approximate the diffraction limited case where, by definition, the
geometrical aberrations are small with respect to the diffraction affects.

The computed spot diagrams, which can be shown to have close
correspondence with photomicrographs of the actual images, indicate that
the design meets the resolution requirements for the monochromatic case.

The diffraction limited imagery extends over a relatively broad
spectral range by virtue of the Rayleigh 1/4 wavelength criteria, although
a discernible loss in definition must be expected when the lens is-utilized

over the full extent of the spectral range.

Page 41.
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APPENDIX

The optical design configuration developed has inherent versatility
for the generation of a large family of reduction/enlarging lenses utilizing
a building block concept.

The front and rear conjugates may be envisioned as basic modules
capable of attachment one to the other about a telecentric stop.

The design manipulation of the focal lengths and relative apertures
of the basic module designs are the key variables required to achieve any
arbitrary enlarging/reduction system.

In order to preserve the performance quality of such a system we
must restrict ourselves to the following general rules:

1. The telecentric condition must be maintained.

2. Any arbitrary system effective relative aperture has a

maximum of F/2.0 without redesign. -

3. The speed of any arbitrary short module shall not exceed F/1.3.

4. The equivalent focal length of any arbitrary system shall be

as great as possible.

Moreover, it should be stated that the resultant magnification of
such a system configuration is equal to the ratio of the focal lengths of the
modules and that the effective relative aperture of the combination is equal

to the ratio of the F/ numbers of these modules.

STATINTL

Page 42.




STATINTL
Approved For Release 2002/06/17 : CIA-R)P78B04747A000600020002-2

An example of modules which are compatible with regard to entrance
pupil diameter might be generated to illustrate the implied economic gain
derived in these convertible magnification modules.

Consider the short module of this application: 32" EFL F/3.0
for 9" x 8". The lens formula of this module might be conveniently scaled
to 16" EFL F/1.5. This new module, when attached to the former module,
will yield an 8" EFL F/2.0 reduction/enlarging lens for 9" x 8' to 4-1/2 x
4-1/2" formats.

This example demonstrates what might be termed format versatility.

Magnification versatility is achieved in much the same way. The

basic short module of this contract design may be directly scaled to an 8"
F/1.5. By combining this module with the short module, we obtain a 4"
F /2.0 whose object and image formats are 8'' x 9" to 2-1/4" x 2-1/4 respect-
ively. Figure 20 gives a schematic diagram typical of this convertible
approach.

In conclusion, it might be said that a three-module package will
provide at least two distinct enlarging/reduction printer lenses, the per-
formance of which will be diffraction limited in each case for the mono-

chromatic condition.

STATINTL
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32" 7/6.0
LENS MODULE

IL
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16" 72,0
LENS MOLULE

2 to 1 ENLARGING SYBTEM

32" 7/6,0
LENS MODULE
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LENS
MODULE
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CONVERTIBLE MAGNIFICATION MODULAR COMBINATION

FIGURE 20
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